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Abstract 
The odorant-induced second messenger response in olfactory cilia was monitored in the presence of phosphatase modulators. Okadaic 
acid, a phosphatase inhibitor, attenuated the odorant-induced cAMP-response in a dose-dependent manner; half maximal inhibition was 
obtained at 1.5 nM okadaic acid indicating that phosphatase 2A may be involved. Protamine, aselective activator of phosphatase 2A, led 
to significantly stronger cAMP-responses. Western blot and immunohistochemical analysis employing specific antibodies revealed that 
phosphatase 2A is present in olfactory tissues in particular in olfactory cilia. The results suggest hat phosphatase 2A may play a 
regulatory role in governing the responsiveness of olfactory neurons. 
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1. Introduction 
The electrical response of olfactory sensory neurons to 
an odor stimulus attenuates very rapidly and changes from 
phasic to tonic during continuous stimulus application 
[1,2]. This immediate waning of the response is based on a 
rapid termination of the odor-induced primary reaction, the 
odor-induced second messenger response [3,4]. Termina- 
tion of olfactory signalling ~s due to uncoupling the trans- 
duction cascade; this is apparently accomplished via a 
negative-feedback reaction involving specific kinases [5-7] 
leading to phosphorylation of odorant receptor proteins 
[8,9]. Thus, the mechanisms underlying signal termination 
in olfactory neurons may appear to be a variant responsible 
for desensitization i  other signalling systems [10,11]. The 
reverse reaction, dephosphorylation f receptors in sig- 
nalling cascades, has received less attention [12]; however, 
for a phosphorylated and thus inactivated odorant receptor, 
to participate again in the process of olfactory transduction 
it is essential that the covalently bound phosphate groups 
are rapidly removed. Such a cycle of phosphorylation a d 
dephosphorylation is considered as an important mecha- 
nism for controlling a wide variety of cellular processes 
[13] and has been described for the transmembranous 
photoreceptor, rhodopsin [14-16]. Aspects of dephospho- 
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rylation in the olfactory system have not been studied; 
however, time-course xperiments have shown, that odor- 
ant-induced incorporation of phosphate groups into olfac- 
tory ciliary proteins is apparently very transient [8]. This 
observation suggests that, beside the specific kinases, spe- 
cific phosphatases are active in olfactory cilia. 
The steady-state l vel of phosphorylated o orant recep- 
tors defined by the relative activity of both protein kinases 
and phosphatases may determine the proportion of active 
receptors and thus control the reactivity of olfactory neu- 
rons. Due to its possible role in regulating the reactivity of 
the olfactory system, in this study we set out to determine 
which subtype of protein phosphatase may be involved in 
this process. Here, we provide evidence that the type 2A 
phosphatase plays a functional role in controlling the 
responsiveness of olfactory cilia. 
2. Materials and methods 
2.1. Materials 
Sprague-Dawley rats were purchased from Charles 
River, Sulzfeld. Citralva (3,7-dimethyl-2,6-octadiennitrile), 
hedione (3-oxo-2-pentyl cyclopentaneacetic a id methyl 
ester) and eugenol (2-methoxy-4-(2-propenyl)phenol) were 
supplied by W. Steiner, Baierbrunn. Forskolin, an activator 
of adenylyl cyclase, 3-isobutyl-l-methylxanthine, a phos- 
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phodiesterase inhibitor, protamine sulfate, a polyamine, 
and GTPyS were obtained from Sigma. Okadaic acid 
ammonium salt, a phosphatase inhibitor was provided by 
RBI. Pefablock SC (AEBSF) was obtained from Boehringer 
Mannheim. Cellulose nitrate (Protran BA 79) was pur- 
chased by Schleicher and Schuell. Radioligand assay kits 
for cAMP were provided by Amersham. Polyclonal anti- 
bodies against phosphatase 2A were kindly provided by 
Prof. Dr. P. Cohen, University Dundee, Dundee, Scotland. 
Horseradish-peroxidase-conjugated donkey anti-sheep IgG 
was obtained from Bio Rad. The enhanced chemolumines- 
cence-system (ECL) for Western blots was purchased from 
Amersham. The Vectastain ABC kit for immunohisto- 
chemistry was purchased from Vector Laboratories. Eu- 
paral, an embedding medium, was obtained from Roth. All 
other chemicals were obtained from Sigma. All chemicals 
had the purity of more than 99%. 
2.2. Isolation of  olfactory cilia 
All the experiments were done with purified prepara- 
tions of chemosensory cilia from rat olfactory epithelium 
isolated with the calcium-shock method according to An- 
holt et al. [17]. The olfactory epithelium was dissected 
from rat nasal septum and ethmoid turbinates washed in 
Ringer solution (120 mM NaC1, 5 mM KC1, 1.6 mM 
K2HPO 4, 25 mM NaHCO 3, 7.5 mM glucose, pH 7.4) 
were transferred to Ringer solution containing 10 mM 
CaC12 to detach olfactory cilia. The cilia were separated 
by centrifugation for 5 min at 7700 × g. The supernatant 
was collected. The pellet was resuspended again in Ringer 
solution with 10 mM CaC12 and centrifuged as described 
above. The supernatants were combined and centrifuged 
for 15 min at 27 000 × g. The pellet containing the de- 
tached cilia was resuspended in TME-buffer (10 mM 
Tris/HC1, 3 mM MgC12, 2 mM EGTA, pH 7.4) and 
stored at - 70°C. 
2.3. Stimulation experiments with isolated olfactory cilia 
A rapid kinetic system was used to determine odorant- 
induced changes of second messenger concentrations in
the subsecond time range. Stimulation experiments were 
performed at 37°C as described previously [3]. Syringe I
contained the stimulation buffer, with or without odorants, 
(200 mM NaC1, 10 mM EGTA, 50 mM Mops, 2.5 mM 
MgC12, 1 mM DTT, 0.05% sodium cholate, 1 mM ATP 
and 2 /~M GTP, pH 7.4) and 12 nM free calcium calcu- 
lated and adjusted as described by Pershadsingh and Mc- 
Donald [18]. Syringe II contained the olfactory cilia (0.6 
/zg/ml) and syringe III was filled with stop solution (7% 
perchloric acid). For the stimulation, 205/xl of stimulation 
buffer with the indicated odorant dilution was mixed with 
20 ~1 of cilia; after 50 ms the reaction was stopped by 
injection of 7% perchloric acid. 
For stimulation experiments in the presence of IBMX, 
forskolin or GTPyS, the samples (cilia plus stimulation 
buffer) were incubated for 2 min at 37°C in a shaking 
water bath before stopping. The reaction buffer, cilia 
preparation and stop solution were the same as in the 
subsecond stimulation experiments. 
Before stimulation, cilia were preincubated 10 min on 
ice with the various modulators (okadaic acid, protamine 
or antibodies). The concentrations of the different modula- 
tors are always final concentrations during incubation con- 
ditions. 
Quenched samples were stored on ice for 20 min and 
then analysed for second-messenger concentrations a de- 
scribed previously [4]. cAMP concentration was deter- 
mined as described by Steiner et al. [19]. 
2.4. SDS-PAGE and Western blot analysis 
Protein samples (1.25 /zg//xl) in a buffer containing 
100 mM Tris, 250 mM sucrose, 5 mM EGTA, 5 mM 
EDTA, pH 7.4, and an antiprotease cocktail (200 /xM 
AEBSF, 10 /zM leupeptin) pH 7.4 were mixed with 5 × 
sample buffer (625 mM Tris/HC1, pH 6,8, 50% glycerol, 
5% SDS, 7.5 mM dithiothreitol (DTT), 0.05% bromophe- 
nol blue), boiled for at least 3 min and loaded on 7.5% 
SDS/PAGE gels using the Laemmli buffer system [20]. 
The separated proteins were transferred onto nitrocellulose 
using the semidry blotting system (Pharmacia). The blot 
were stained with Ponceau S and stored at 4°C until use. 
For Western blot analysis, nonspecific binding sites were 
blocked with 5% nonfat milk powder (Naturaflor) in 10 
mM Tris/HC1, pH 8.0, 150 mM NaC1, 0.05% Tween 20 
(TBST) for 30 min at room temperature. The polyclonal 
antibody against phosphatase 2A was diluted 1:5000 in 
TBST, containing 3% nonfat milk powder and incubated 
overnight at 4°C. After three washes with TBST, a 
horseradish-peroxidase-conjugated donkey anti-sheep IgG 
(1:7000 dilution in TBST/  3% milk powder) was applied 
and the ECL-system was used to detect immunoreaction. 
2.5. Immunohistochemistry 
Immunohistochemical studies were performed on sec- 
tions from nasal cavities of 2-3 wk old rats. For fixation 
the anaesthetized animal was perfused according to Berod 
et al. [21]. Briefly, the pow reaction was absent, the chest 
was opened and animals were transcardially perfused with 
PBS (150 mM NaCI, 1.4 mM KH2PO4, 8 mM NazHPO4, 
pH 7.4) for 15 min to wash out all blood cells, followed by 
ice-cold 4% paraformaldehyde in PBS (pH 6.5) and finally 
by 4% paraformaldehyde in 0.1 M borate buffer (pH 11) 
for 20 min. The head was trimmed cut at the forebrain 
height and postfixed in the same fixative for 5 h at 4°C. 
After cryoprotection i  graded sugars (10%, 20%, 30%) 
tissue was included in OCT (Tissue-Tek, Miles Inc.) and 
frozen at -70°C. For antibody experiments 16 /~m thick 
sections were prepared using a Reichert and Jung cryostat 
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(model 2800 E). The sections were thawed, mounted on 
chromalum gelatin-coated slides and frozen until use at 
- 20°C. 
For immunohistochemical experiments lides were 
thawed and dried at room temperature for 30 min. Unspe- 
cific binding sites were blocked with 10% horse normal 
serum in PBS for 30 min in a wet chamber at room 
temperature. Excess of blocking solution was removed 
before application of the PP2A specific antibody, diluted 
1:150 in 5% horse normal :serum, 0.1% Triton (X-100) in 
PBS, followed. The slides were incubated overnight at 4°C 
in a wet chamber before three washes with PBS occurred. 
Then the biotinylated onkey-anti-sheep IgG was applied 
(1:100) and incubated for I h at room temperature. After 
three washes with PBS the avidin-biotin solution provided 
by the Vectastain kit, was prepared and used on the slides. 
After 30 min of incubation at room temperature excess of 
secondary antibody was removed by washes as described 
before. Immunoreactivity was monitored using 0.1% DAB, 
0.03% H202 in PBS as substrate. The reaction was stopped 
with washes in PBS and then in double distilled water. The 
slides were air dried and then embedded in Euparal. 
3.  Resu l ts  
The concept that odorant induced second messenger 
signalling in olfactory cilia is terminated by specific pro- 
tein kinases phosphorylating and thus inactivating odorant 
receptors uggests that phosphatases may play an impor- 
tant role in reactivating the desensitized receptors. In fact, 
it has previously been observed that in the presence of 
high concentrations of okadaic acid (1 /xM) the reactivity 
of olfactory cilia to odorant stimulation is significantly 
attenuated [5]. Okadaic acid is known to be a powerful 
inhibitor for phosphatase-I (PP1) and phosphatase 2A 
(PP2A). Both phosphatase subtypes can be distinguished 
by their sensitivity to okadaic acid. Purified PP1 was half 
maximally inhibited by okadaic acid concentrations be- 
tween 20-200 nM, whereas PP2A was half maximally 
inhibited by concentrations of 0.2-1.6 nM [22,23]. In a 
first approach attempts were made to determine which 
phosphatase ubtype may be involved in reactivation of the 
desensitized signalling cascade. Isolated olfactory cilia 
were pretreated with different concentrations of okadaic 
acid (1 nM to 100 /xM) to block endogenous protein 
phosphatase activity, subsequently they were stimulated 
with an odorant cocktail (citralva, eugenol, hedione, each 1 
/zM) known to elicit a cAMP-response [24]. As shown in 
Fig. 1, the presence of okadaic acid attenuated the cAMP- 
response to odorant stimulation in a dose-dependent man- 
ner; half maximal inhibition of the cAMP signal was 
obtained at an okadaic acid concentration f 1.5 nM. The 
dose/response curve (Fig. 1) is reminiscent to the one 
obtained with a purified catalytic subunit of PP2A [22] and 
suggests that the phosphatase 2A subtype may be involved 
in olfactory signal transduction. 
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Fig. 1. Concentration-dependent ffect of  okadaic acid on odorant-in- 
duced cAMP-response. Preparations of olfactory cilia from rat were 
preincubated with different concentrations of okadaic acid and than 
stimulated with an odorant cocktail (citralva, hedione, eugenol, each 1 
/xM). The reaction was terminated after 50 ms and the cAMP-concentra- 
tion was determined as described previously [3]. Data represent the 
odorant-induced changes in cAMP levels; they are the means of 4-5 
experiments ± SD. The calculated Ki value for okadaic acid was 1.5 nM. 
Another characteristic feature which allows to distin- 
guish different subtypes of protein phosphatases i its 
modulation by protamine, which suppresses the activity of 
phosphatase 1 but activates phosphatase 2A up to concen- 
trations of 15 /~g/ml whereas higher concentrations are 
inhibitory [25,26]. To scrutinize this feature of phospha- 
tases in olfactory cilia, preparations were preincubated 
with protamine (15 /~g/ml) and subsequently stimulated 
with odorants; the cAMP-response was determined after 
50 ms. As shown in Fig. 2a, in the presence of protamine 
the odorant-induced cAMP-response was 3-fold higher 
than under control conditions. This observation suggests 
that under control conditions a considerable portion of the 
signalling machinery is in the phosphorylated and thus 
inactive state. The accelerating effect by protamine is 
concentration-dependent up to 15 /~g/ml (Fig. 2b); con- 
centrations of 20 /~g/ml protamine and higher did not 
increase the response. These results support he notion that 
phosphatase 2A is active in olfactory cilia and indicate that 
activation of phosphatase-2A enhances the reactivity of 
olfactory cilia to odorants. 
To get further, more specific, support for the view that a 
PP2A-type is involved in regulating the reactivity of olfac- 
tory cilia, polyclonal antibodies which visualize the two 
large subunits of phosphatase-2A on Western blots, were 
employed. In a first approach isolated olfactory cilia and 
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olfactory epithelium preparations from rat were assessed 
for immunoreactive polypeptides in Western-blot analysis. 
As shown in Fig. 3 two immunoreactive polypeptide bands 
(M r 60 kDa, M r 55 kDa) were detected in both prepara- 
tions which correspond to the subunits A and B of PP2A 
[13]. 
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Fig. 2. Effect of protamine on the odor-induced cAMP-response. (a) 
Isolated olfactory cilia were pretreated with protamine (15/xg/ml) before 
stimulation with a cocktail of three odorants (citralva, hedione, eugenol, 
each 1 /zM). After 50 msec the odor-induced reaction was stopped and 
the cAMP-concentration determined. Data show the odorant-induced 
cAMP-levels. Data are the means of 3 experiments +SD. (b) Dose-depen- 
dent effect of protamine on the odor-induced cAMP-formation. Olfactory 
cilia preparations were preincubated with different concentrations of
protamine before odorant stimulation. The concentration of cAMP after 
odorant-stimulation without protamine (335 _ 49 pmol cAMP mg protein) 
was taken as 100%. Protamine did not influence the cAMP-concentration 
under control conditions. Data are the means of 4 experiments_+ SD. 
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Fig. 3. Western blot analysis of olfactory tissue using phosphatase 2A 
specific antibodies. Proteins of olfactory cilia preparations and whole 
olfactory epithelium were subjected to SDS-PAGE and transferred to 
nitrocellulose membranes. The blots were incubated with the polyclonal 
subtype-specific PP2A-antibodies (1:5000 dilution) over night at 4°C. A 
peroxidase-labelled anti-sheep IgG was applied as secondary antibody 
(1:7000) lbr I h. Immunoreactive bands were visualized using the 
ECL-system. I isolated olfactory cilia. II. whole olfactory epithelium. In 
both preparations two strongly labelled bands at 55 kDa and 60 kDa were 
visualized corresponding to the A and B subunit of PP2A, a band 
corresponding to the catalytic subunit C (36 kDa) was hardly detected. 
To localize the antigens recognized by specific antibod- 
ies against PP-2A, immunohistochemical experiments were 
performed. Cryostat sections of the olfactory epithelium 
were incubated with PP-2A antibodies and the immuno- 
reactivity was visualized using the avidin-biotin technique. 
Fig. 4 shows a strong labelling in the upper layer of the 
olfactory epithelium, where cilia are located. The specific 
labelling indicates that olfactory cilia contain high concen- 
trations of PP2A. 
To emphasize the functional role of phosphatase 2A in 
regulating the responsiveness of olfactory cilia to odorant 
stimulation, the effect of subtype-specific antibodies on the 
odor-induced cAMP response was assayed and compared 
with the effect of okadaic acid and protamine in the same 
preparation. Therefore samples of cilia preparations were 
preincubated with antibodies, okadaic acid and protamine, 
respectively, they were subsequently stimulated with an 
odorant cocktail (citralva, eugenol, hedione, each 1 /zM). 
The results demonstrate that antibodies significantly re- 
duce the odor-induced cAMP response; the inhibitory ef- 
fect is similar to that of okadaic acid, whereas protamine 
significantly increases the response (Fig. 5). 
To evaluate the site of action for PP2A in the signalling 
cascade, in a first approach it was assessed if the observed 
effect may be due to a regulatory effect on phospho- 
diesterase activity. Therefore, olfactory cilia preparations 
were preincubated with IBMX, a potent inhibitor of phos- 
phodiesterase. However, the results obtained (Fig. 6) are 
quite similar to those from experiments without IBMX. 
Although the cAMP-levels are elevated, due to the block- 
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ade of phosphodiesterase, in the presence of okadaic acid 
(5 /zM) the odor induced cAMP response was diminished 
by 50%, whereas protamine increased the cAMP-response 
1.5-fold. These results suggest hat the effects observed 
upon inhibition or activation of PP2A are apparently not 
due to a change in phosphodiesterase activity. Phosphodi- 
esterases are obviously not the target of phosphatase 2A. 
Another regulatory site could be the adenylyl cyclase 
itself; it has recently been found that adenylyl cyclase 
subtype VI in PC 12 cells is regulated by PP2A [27]. To 
analyse this aspect, adenylyl cyclase was stimulated with 
forskolin. As shown in Fig. 7a, neither okadaic acid nor 
protamine had any effect on the forskolin-induced cAMP- 
response. In order to analyse if G-proteins may be the 
target sites, olfactory cilia were pretreated with okadaic 
acid or protamine and subsequently stimulated with GTPTS 
Fig. 4. Immunohistochemical lo lization of PP2A in the rat olfactory epithelium. Coronal sections of the rat nasal cavity were incubated either with the 
subtype-PP2A specific antibodies (A) or with controlserum (13) diluted 1:150; reactive sites were visualized using the biotin-avidin system. Bar is 25 /xm. 
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Fig. 5. Effect of PP2A-antibodies on the odor-induced cAMP-response. 
Cilia preparations were preincubated ither with PP2A-antibodies (1:100), 
okadaic acid (5 /zM), or protamine (15 ~g/ml )  before odorant-stimula- 
tion. The reaction was stopped after 50 msec, followed by subsequent 
determination of cAMP-levels, cAMP-concentration after odorant stimu- 
lation under control conditions was taken as 100%. Data are the means of 
4-5 experiments + SD. 
which keeps the G-proteins in an activated state. The 
results in Fig. 7b indicate that neither okadaic acid nor 
protamine affected the GTP~S-induced cAMP-response. 
All these results suggest hat the site of action for phos- 
phatase-2A seems to be more upstream in the signalling 
cascade, possibly the odorant receptor itself. 
4. Discussion 
Inhibition of protein phosphatase by either low doses of 
okadaic acid or subtype-specific antibodies attenuates the 
reactivity of olfactory cilia to odorant stimulation, whereas 
activation of the enzyme by protamine leads to an en- 
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Fig. 6. Effect of okadaic acid and protamine on the odorant-induced 
cAMP-response in the presence of IBMX. Olfactory cilia preparations 
were pretreated for 10 min on ice with okadaic acid respectively pro- 
tamine and subsequently stimulated for 2 min at 37°C in a shaking water 
bath with the odorant mixture. Data represent the odor-induced cAMP- 
concentrations. Data are the means of 4-5 experiments _+SD. 
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Fig. 7. Effect of phosphatase modulators okadaic acid or protamine on 
forskolin and GTPTS-induced cAMP-response. Isolated olfactory cilia 
were preincubated with okadaic acid (10 /.~M) or protamine (15 /xg/ml) 
for 10 rain on ice and subsequently stimulated for 2 min at 37°C in a 
shaking water bath with either forskolin (10/xM) (Fig. 7a) or GTP'yS (10 
/xM) (Fig. 7b). Data represent the means of 3 experiments + SD. 
hanced reactivity. These results suggest hat a type 2A 
protein phosphatase plays a key role in olfactory sensory 
neurons to regulate their responsiveness to odorous com- 
pounds. Fine tuning the responsiveness of receptor cells is 
an important mechanism in sensory physiology [28]; thus, 
this phenomenon may enter the long list of biological 
processes which are regulated via a coordinated interplay 
between phosphorylation a d dephosphorylation of molec- 
ular switches, like enzymes, receptors and ion channels, 
governed by specific kinases and phosphatases [29-32]. 
Previous studies have shown that the primary reaction 
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induced by odorant stimulation is terminated by a feedback 
reaction mediated by specific kinases [5-7] leading to a 
rapid and transient phosphorylation f distinct ciliary pro- 
teins [8] which were identified as olfactory receptor pro- 
teins [9]. Thus, the rapid temaination of olfactory signalling 
may be reminiscent to deactivation of rhodopsin after 
photostimulation which is accomplished by incorporation 
of several phosphoryl groups in the C-terminal region of 
the visual receptor [16,33]. For the visual system it has 
recently been shown that in vivo regeneration f phospho- 
rylated rhodopsin requires the presence of a protein phos- 
phatase 2A [34,35]. However an experimental proof of 
olfactory receptor protein dephosphorylation s still elusive 
due to the lack of highly reactive receptor antibodies. The 
results of this study are in line with the view that a cycle 
of phosphorylation a d dephosphorylation similar to that 
of rhodopsin may control inactivation and reactivation of 
olfactory receptor proteins; moreover, the same phos- 
phatase subtype seems to be active in both sensory sys- 
tems. In such model, the activity of phosphatase-2A would 
determine the relief of desensitized receptor and thus 
govern the number of receptors that can participate in the 
processes of olfactory signal transduction, thereby control- 
ling the responsiveness of the sensory cells. Modulation of 
the responsiveness i  a characteristic feature of olfactory 
sensory neurons, which rapidly adapt upon strong odor 
stimulation [2,36]. Regulatory mechanisms, which include 
a reduction in phosphatase activity, would lead to an 
attenuated reactivity of olfactory neurons. Although this 
model is still partially speculative, recent evidence suggest 
that cGMP and cGMP-dependent kinase could be involved 
in such a molecular regulatory network [37]. 
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